The translation of engineering designs to materials sciences by means of synthetic biological tools represents a novel concept for the development of information-processing materials systems.
Specifications
The system response was monitored over time; samples were collected at different points in time and stored at RT until measuring the fluorescence of all samples.
Experimental features
Materials were functionalized with engineered proteins and assembled in a positive feedback loop configuration. The system behavior in response to different inducer concentrations was monitored by measuring the dissolution of an output material by determining the release of the incorporated fluorescent protein mCherry.
Data source location
This work was done at the University of Freiburg, Germany.
Data accessibility
Raw / processed data are available from Mendeley Data.
Value of the data
The herein presented data represent an example of the translation of synthetic biological tools to polymer materials for the construction of information-processing materials systems and could serve as blueprint for the development of further such systems for different applications.
The generation of materials systems by a mathematical model-guided approach might be a generic strategy for the design and optimization of information-processing materials systems.
All system components are modular and interchangeable, which offers the possibility to deploy other polymers, functionalities, and proteins for the development of novel systems with desired functions.
Data
The model scheme of the materials-based positive feedback loop and profile-likelihood of estimated model parameters are shown in Fig. 1 . The corresponding estimated parameters are summarized in Table 1 . Fig. 2 shows the data and model fits of the positive feedback loop system at different Caspase-3 (Casp3) and inducer concentrations. The Tobacco etch virus (TEV) protease fusion construct was modified to enable a direct 3C protease (3CPRO)-mediated release of TEV and thus a forward amplification (Fig. 3 ). The data of the resulting system with either sole forward or combined forward and feedback loop amplification at different TEV, Casp3 and 3CPRO inducer concentrations are shown in Fig. 4 . Table 2 presents the mathematical validation of the combined materials system. Fig. 1 . Model scheme and profile likelihood of the estimated parameters of the signal-amplifying materials system. (a) Core model of the system. The K d -dependent basal release of TEV protease and Casp3 from the materials is indicated by arrows R2 and R4. Released TEV protease enhances the release of non-active Casp3 (R3). Additionally, 3CPRO is able to cleave the TCS linker thereby contributing to the release of Casp3 (R5). Released Casp3 is cleaved and activated by 3CPRO (R6). Active Casp3 cuts the CCS linker of the TEV construct, thus enhancing TEV protease release and closing the feedback loop. The enzymatic activity of TEV protease decreases over time as indicated by reaction R7. (b) Profile likelihood of the estimated parameters of the basic feedback and forward amplification system (corresponding to Fig. 4a , c in Ref. [1] ). (c) Profile likelihood of the estimated parameters of the combined system (corresponding to Fig. 4f in Ref. [1] ). (b, c) The solid lines indicate the profile likelihood, the optimal parameter set is marked with a grey star. The red dashed line marks the 95% confidence level. The light blue dashed line indicates the -2 log(PL) value of the optimal parameter set. The parameter axis is on a logarithmic scale. The system design was extended for the detection of novobiocin and assembled in forward and combined forward and feedback loop configurations. The response at different TEV, Casp3, 3CPRO and novobiocin concentrations was monitored ( Fig. 5 ). Fig. 6 provides data on the degree of functionalization of the novobiocin-functionalized material. Tables 3 and 4 summarize the cloning of all plasmids and primers used in this study. 
Table 2
Validation of the positive feedback material. Fitted parameter values of the additional parameters in the validation with the combined feedback material (see Fig. 4f in Ref. [1] ) obtained by maximum likelihood estimation. σand σ þ indicate the 95% point-wise confidence intervals calculated by exploring the profile likelihood.
Parameter
θ̂σσ þ Unit r TEVrelease,combined 9.21 Á 10 þ 00 9.12 Á 10 þ 00 9.30 Á 10 þ 00 1 r m,TEVrelease,combined 0 0 6.60 Á 10 þ 04 1 init mCherry,combined 9.21 Á 10 þ 01 9.12 Á 10 þ 01 9.30 Á 10 þ 01 % Cloning of pHJW186. Mammalian expression vector for TEV protease-inducible Casp3. pHJW1 P T7 -Casp3-TCS-His 6 This work Cloning of pHJW181. One backbone half of pKJ57 was PCR amplified using oligonucleotides oHJW1 and oHJW5; the second backbone half including the Casp3 gene was amplified from pKJ57 using oHJW2 and oHJW6; TCS-linker sequence was amplified from pKJ60 using oHJW3 and oHJW4 -all three fragments were assembled by Gibson cloning [3] . pHJW2 P T7 -His 6 -TCS-mCherry-TCS-His 6 This work Synthesis of crosslinker for material module B. His 6 -TCS was PCR amplified from pKJ60 using oligonucleotides oHJW7 and oHJW8; mCherry was amplified from pKJ10 using oHJW9 and oHJW10; TCSlinker was amplified from pKJ60 using oHJW11 and oHJW12; the backbone was amplified in two halves from pKJ60 using oHJW1 and oHJW5, and oHJW6 and oHJW13. All five fragments were assembled by Gibson cloning. pHJW3 P T7 -His 6 -3CS-GyrB-TEV This work Characterization of material module B depicted in Fig. 3b in Ref. [1] . Prior to its use, the His 6 -tag was removed from the protein using 3CPRO (HJW4).
Oligonucleotides oHJW14 and oHJW15 were annealed and ligated into pKJ39 (EcoRI/XhoI/SphI, three fragment ligation) thereby replacing the His 6 -tag sequence with the His 6 -3CS sequence. pHJW4 P T7 -His 6 -3CPRO This work Used for cloning of pHJW183, activation of Casp3 (Fig. 2b in Ref. [1] ), and removal of His 6 -tag from HJW3.
The coding sequence for the human rhinovirus type 14 3C protease (GenBank accession no. https://www.ncbi.nlm.nih. gov/nuccore/K02121) was codon-optimized for expression in E. coli and ordered as gene synthesis (Life Technology). The gene was cloned into pKJ10 (HindIII/NdeI) thereby replacing the His 6 -mCherry coding sequence. His 6 -3CS-GyrB-CCS-TEV-CCS was PCR amplified from pHJW3 using oligonucleotides oHJW136 and oHJW141. C-terminal GyrB was amplified from pHJW3 using oHJW142 and oHJW143. The backbone of pHJW2 was amplified using oHJW1 and oHJW13. All fragments were assembled by Gibson cloning. pHJW177 P T7 -His 6 -GyrB-CCS-3CS-TEV This work Forward amplification and combined materials systems ( Fig. 4e , h in Ref.
[1] Figs. 3 and 4) .
The coding sequence for TEV protease was PCR amplified from pHJW3 using oligonucleotides oHJW483 and oHJW141. His 6 -GyrB-CCS-3CS was amplified from pKJ39 using oHJW484 and oHJW431. Backbone fragments were amplified from pHJW3 using oHJW485 and oHJW143, and oHJW1 and oHJW205. All fragments were assembled by Gibson cloning. pHJW181 P T7 -Casp3(3CPRO ind )-TCS-His 6 This work Characterization of material module A ( Fig. 2b in Ref. [1] ). Incorporation into The 3CS was inserted into pHJW1 by PCR amplification of pHJW1 using oligonucleotides oHJW421 and oHJW5, and oHJW422 and oHJW6. oHJW421 and oHJW422 contained the 3CS sequence in their overhangs. Both fragments were assembled by Gibson cloning. pHJW183 P T7 -His 6 -GyrB-mEGFP-3CPRO
This work Determination of binding capacity of novobiocin-Sepharose (Fig. 6) , and extended materials system for the detection of novobiocin ( Fig. 5f in Ref.
[1], Fig. 5 ).
The mEGFP sequence was PCR amplified from pMH175 using oligonucleotides oHJW427 and oHJW428. 3C protease including one half of the backbone was amplified from pHJW4 using oHJW429 and oHJW5. His 6 -GyrB was amplified from pKJ39 using oHJW430 and oHJW431. The second half of the backbone was amplified from pHJW4 using oHJW6 and oHJW205. All fragments were assembled by Gibson cloning. pHJW186 P T7 -Casp3(TEV ind )-TCS-His 6 TEV-cleavable Casp3 was amplified from pHB325 using oligonucleotides oKJ136 and oHJW2. TCS-His6 and one half of the backbone was amplified from pHJW1 using oHJW3 and oHJW5. The second half of the backbone was amplified from pHJW181 using oHJW6 and oKJ129. All fragments were assembled by Gibson cloning.
Characterization of adapted material module A for combined forward and feedback amplification, depicted in Fig. 3 .
pHJW199 P T7 -His 6 -GyrB-CCS-TEV-CCS-GyrB Characterization of material module A (Fig. 2b in Ref. [1] ). His 6 -GyrB-CCS-5'TEVwas excised from pKJ39 (NdeI) and ligated with pHJW53 (NdeI). 
Experimental design, materials and methods

Plasmid construction
The cloning details of all plasmids are summarized in Tables 3 and 4 .
Protein production and purification
All proteins were produced in E. coli BL21(DE3)pLysS (Invitrogen). The bacteria were cultivated in LB supplemented with ampicillin (100 mg mL -1 ) and chloramphenicol (36 mg mL -1 ) at 37°C, 150 rpm. Protein production was induced with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) at OD 600 ¼ 0.6.
After 4 h at 37°C, or 30°C for the TEV constructs, the cells were harvested at 6000 Â g, 10 min.
The bacterial pellets were resuspended in hydrogel buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, pH 8.0) supplemented with 10 mM imidazole, and sonicated at 60% amplitude and 0.5 s / 1 s pulse / pause intervals for 10 min on ice. Cellular debris was removed by centrifugation at 30,000 Â g for 30 min at 4°C. The proteins in the supernatant were purified by employing Ni-NTA agarose gravity flow columns equilibrated with Ni Lysis buffer. After washing the column twice with 30 mL hydrogel buffer Table 4 Oligonucleotides used for the signal-amplifying materials system. The annealing sequences are underlined.
Oligo
Sequence (5'-43')
supplemented with 20 mM imidazole, the proteins were eluted with hydrogel buffer supplemented with 250 mM imidazole. 5 mM 2-mercaptoethanol (2-ME) were added to purified Casp3 and TEV constructs. The buffer of the crosslinking output protein (HJW2) and the 3CPRO inducer (HJW4) was exchanged by dialysis against 5 L hydrogel buffer and usage of SnakeSkin dialysis tubings with 3.5k MWCO (Thermo Fisher). Casp3 was concentrated to 0.5 mL using a Spin-X UF 6 Concentrator (10k MWCO, Corning) at 8,000 Â g, and applied to a Pierce dextran desalting column (5k MWCO, 5 mL, Thermo Fisher) for the removal of imidazole.
Synthesis of the materials system
Material A was synthesized by functionalizing epoxy-activated, crosslinked Sepharose 6B (GE Healthcare) with novobiocin as described elsewhere [4] with minor changes.
In brief, the material was reswollen in water for 30 min at RT and washed with 200 mL water per gram epoxy-activated Sepharose. After equilibration with coupling buffer (0.3 M sodium carbonatebicarbonate buffer, pH 9.5) and addition of 200 mM novobiocin (0.88 mmol novobiocin per gram material) the reaction was incubated at 37°C for 16 h with shaking. After washing the material with coupling buffer, it was incubated in 1 M ethanolamine, pH 8.5, at 37°C for 4 h with shaking. After washing with coupling buffer the resulting novobiocin-Sepharose was washed three times with alternate wash steps with water, buffer A (0.1 M Tris/HCl, 0.5 M NaCl, pH 8.0), water, buffer B (0.1 M acetate buffer, 0.5 M NaCl, pH 4.0). The material was blocked with 1% (w/v) bovine serum albumin (BSA) in phosphate-buffered saline (PBS) overnight at 4°C with agitation.
The binding capacity of the material was analyzed by incubating different amounts of novobiocin-Sepharose with 0.5 nmol GyrB-mEGFP-3CPRO at 4°C for 7.5 h. The fluorescence in the supernatants was determined at 490/520 nm Ex/Em and correlated to the sample that was incubated without novobiocin-Sepharose (Fig. 6 , see section Analytical methods for measurement details). A 6.6-fold excess of GyrB-TEV or GyrB-3CPRO constructs to novobiocin binding sites was used for functionalization in further experiments. After binding at 4°C overnight, the TEV-and 3CPRO-materials were washed with hydrogel buffer supplemented with 5 mM 2-ME and 0.1% (w/v) BSA. After adding an equal amount of unbound novobiocin-Sepharose the material was incubated for 30 min at RT, and the activities of materials-bound TEV or 3CPRO was determined (see section Analytical methods).
For material B, we synthesized Ni 2 þ -charged poly(acrylamide-co-NTA-acrylamide) as described previously by Ehrbar et al. (see Ref. [5] for synthesis and degree of functionalization of the polymer). For characterization of the polymer, we performed gel permeation chromatography. A stock solution of 3.33 mg mL -1 copolymer was prepared in hydrogel buffer supplemented with 300 mM imidazole and 0.05% (w/v) NaN 3 . After filtering through a 0.45 mm filter, 0.4 mL of the solution was injected in the GPC device (1260 Infinity LC-System, Agilent). A Suprema three-column system (pre-column, 1000 Å, 30 Å; 5 mm particle size; PSS), which was placed in an external column oven at 55°C, was used at a constant flow rate of 0.5 mL min -1 . A pullulan calibration standard (10 points) served as reference for estimating the average molecular weight (M n ¼ 439.77 kDa) and polydispersity index (¼ 1.993).
We synthesized material B by crosslinking 1.8% (w/v) of the polymer with 15 mL output protein (HJW2, 750 mg), optionally supplemented with Casp3 (HJW181). The gels were incubated in humidified atmosphere at RT overnight and transferred to hydrogel buffer supplemented with 5 mM 2-ME. After 6 h, the buffer was exchanged with fresh buffer and the gels were incubated at RT overnight.
The system was assembled by combining TEV-functionalized Sepharose (material A) with one hydrogel (material B) in 1.5 mL hydrogel buffer supplemented with 5 mM 2-ME and 10% (v/v) glycerol. For the assembly of the novobiocin-detection system, 3CPRO-functionalized Sepharose was additionally included. After the addition of inducer (3CPRO or novobiocin), the systems were incubated at RT with agitation. To monitor the system response, supernatant samples were collected at different points in time and stored in polypropylene 96-well plates (Ratiolab) at RT. At the end of each experiment, material B was completely dissolved with 25 mM EDTA. As a measure for the dissolution of material B, the fluorescence of the output mCherry was determined in all samples (see section Analytical methods). EDTA-treated samples served as reference for 100% gel dissolution.
